Protoplanetary disks are dynamic objects, within which dust grains and gas are expected to be redistributed over large distances. Evidence for this redistribution is seen both in other protoplanetary disks and in our own Solar System, with high-temperature materials thought to originate close to the central star found in the cold, outer regions of the disks. While models have shown this redistribution is possible through a variety of mechanisms, these models have generally ignored the possible growth of solids via grain-grain collisions that would occur during transit. Here we investigate the interplay of coagulation and radial and vertical transport of solids in protoplanetary disks, considering cases where growth is limited by bouncing or by fragmentation. We find that in all cases, growth effectively limits the ability for materials to be carried outward or preserved at large distances from the star. This is due to solids being incorporated into large aggregates which drift inwards rapidly under the effects of gas drag. We discuss the implications for mixing in protoplanetary disks, and how the preservation of high temperature materials in outer disks may require structures or outward flow patterns to avoid them being lost via radial drift.
INTRODUCTION
The earliest stages of planet formation occur within protoplanetary disks, the predominantly gaseous clouds that surround young stars immediately after their birth. Within these disks, fine dust begins to coagulate, growing from individual grains that are suspended within the gas, to pebbles which begin to settle to the disk midplane and drift inwards, to planetesimals which follow their own orbits around the star without much regard to their interactions with the gas. The details of this growth remain enigmatic, though it is generally accepted that the early stages of growth involve low velocity collisions that allow dust grains to stick to one another (e.g., Dominik & Tielens 1997) . As grains grow larger, the collisions become more energetic, with bouncing, erosion, and fragmentation becoming more likely (Blum & Wurm 2008) . This typically occurs once aggregates enter the pebble regime, where they are large enough (millimeters to meters) that they begin to decouple from the gas. At this stage, growth by sticking is likely to be frustrated Zsom et al. 2010) , leaving the formation of larger bodies to processes such as turbulent concentration (e.g. Cuzzi et al. 2001 Cuzzi et al. , 2008 or the streaming instability (e.g. Youdin & Goodman 2005; Johansen et al. 2007; Carrera et al. 2015) .
If and when collisional growth is frustrated will depend on many factors, including the sizes, structures, and compositions of the dust grains and aggregates. Most important in the outcome, however, will be the velocities at which the dust grains strike one another. Grains that are meter-sized or smaller will have their motions, and thus their relative velocities, controlled by their interactions with the gas. The key dynamic processes expected to be at play are vertical settling to the midplane, inward radial migration due to gas drag, and turbulent diffusion. The relative importance of each will depend on the location in the disk and the sizes of the grains of interest: small grains in dense regions are well-coupled to the gas and thus are most strongly affected by turbulent diffusion, while larger particles have their motions largely controlled by vertical settling and radial drift (e.g., Dominik et al. 2007; Birnstiel et al. 2010) .
While these effects have been considered in previous coagulation models to establish relative velocities, collision rates, and collision outcomes (e.g. Weidenschilling 1997; Ciesla 2007a; Birnstiel et al. 2009; Pinilla et al. 2012; Krijt et al. 2016a) , an important consequence of these dynamics is that grains will constantly be in motion, moving from one region of the disk to another as they grow. Turbulent diffusion, in particular, can carry grains throughout the disk, lofting them to high altitudes or allowing them to migrate outward away from the star, offsetting the effects of vertical settling or radial drift. In fact, outward diffusion has been invoked, at least in part, to explain the presence of hightemperature grains in comets (Bockelée-Morvan et al. 2002; Ciesla 2007b) , the preservation of CAIs in chondritic meteorites (Cuzzi et al. 2003; Ciesla 2010b; Jacquet et al. 2011; Desch et al. 2018) , and the redistribution of water with different D/H ratios (Mousis et al. 2000; Yang et al. 2013) . These studies showed that particles of a given size could be preserved and redistributed throughout the lifetime of the disk despite other effects which would cause them to be lost to the Sun.
While such transport of individual grains is expected within a protoplanetary disk, growth and fragmentation of solids will also readily occur as grains and aggregates encounter one another, an effect that is often ignored in these transport models. In the denser regions of the disk, the timescales for these encounters can be very short (∼10 2 -10 4 yrs, see Birnstiel et al. 2009; Pinilla et al. 2012; Krijt & Ciesla 2016) relative to the lifetimes of disks and the timescales over which materials may be transported (∼10 6 yrs). As a result, these particles should not remain in aggregates or solids of a fixed size throughout their time in the disk; instead their sizes, and the dynamical processes which control their movement through the disk, will evolve throughout.
The interplay of transport and dust growth for individual particles was investigated by Krijt & Ciesla (2016) when considering the vertical motions of materials and the exchange between the midplane and surface of a disk. While small particles would normally readily diffuse between these two regions, it was found that interactions with other dust (i.e. growth) would hinder this process, limiting the ability of midplane materials to reach the disk surface. As small grains encountered other solids as they were lofted to higher altitudes, they would tend to stick, get incorporated into larger bodies, and thus settle back toward the midplane again. The importance of this effect varied with the dust-to-gas ratio, but for canonical conditions, individual grains were largely trapped around the midplane, as they were more likely to be incorporated into larger bodies that settled downward than diffuse up to the disk surface.
Here we investigate how dust dynamics and growth combine to affect the radial redistribution of materials within a protoplanetary disk. In the next section we describe the basic framework within which we consider dust evolution in the protoplanetary disk. In Section 3, a simple picture for dust growth that highlights the effects that will control how grains evolve individually and as part of larger aggregates is introduced to illustrate key behaviors and outcomes. In Section 4, we develop a more realistic model for growth of dust grains to sizes that are set by the bouncing barrier. In Section 5 we apply that same model to investigate the history of dust grains when fragmentation sets the limit on the sizes of dust growth. In Section 6, we discuss the effects that different model parameters have on our results, and we summarize our key findings and discuss the implications for protoplanetary disk dust evolution in Section 7.
PHYSICAL PROCESSES

Disk model
We consider an azimuthally symmetric protoplanetary disk around a solar mass star whose surface density and temperature profiles are described by power laws:
where r is the radial location in the disk, R 0 is the location where the reference surface density, Σ 0 , and temperature, T 0 , are defined, and p and q are the indices describing the change in the respective values. Here we assume Σ 0 = 2000 g cm −2 and T 0 = 150 K at R 0 = 1 AU with p = 1 and q = 3/7 as expected for an irradiated disk (e.g. Chiang & Goldreich 1997) , with the disk taken to be isothermal with height z above the midplane. The impact of different gas surface density profiles on the results is discussed in Section 6. We assume the disk is passive, such that there are no largescale flows associated with mass or angular momentum transport. As such, the properties of the disk remain constant throughout the simulation, an issue that we return to later in our discussion. While the disk properties are unchanging, we do assume that there is some level of diffusion within the disk, which is characterized by the turbulent parameter α such that the gas has characteristic diffusivity, D = αc s H, where H = c s /Ω is the local scale height, c s is the local speed of sound, Ω the local Keplerian frequency, and α describes the level of turbulent mixing in the disk. Here we adopt a value of α = 10 −4 for our canonical cases, comparable to the value used by Desch et al. (2018) for the inner solar system and to the lower limits inferred for the outer regions of protoplanetary disks (Dullemond et al. 2018) , though given the uncertainties on this parameter, we discuss the outcomes expected for various changes in this and other model parameters in Section 6.
Given the surface density and temperature profiles above, the local gas density in the disk can be found as:
This sets the local conditions around the dust grain and the evolution it experiences within those respective environments.
Dust grain dynamics
Our goal is to understand the interplay of dust dynamics and growth within a protoplanetary disk, and as such, we must track the specific environments that grains move through as this will determine their ability to grow. We therefore adopt the particle tracking methods of Ciesla (2010a) and Ciesla (2011) , which follow the movement of individual grains as they move within a disk, accounting for vertical settling, radial drift due to gas drag, and the diffusive motions of the particle (in both the radial and vertical directions) using a Monte Carlo approach. These methods have been shown to reproduce the expected collective dynamical behavior of trace gas and dust species within a diffusive protoplanetary disk, including the Gaussian distribution of materials about the disk midplane (Ciesla 2010a) . Similar approaches were also used in Zsom et al. (2011) ; Ros & Johansen (2013) ; Krijt & Ciesla (2016) ; Krijt et al. (2016a) to simulate the dynamics of particles of a variety of sizes.
The amount a spherical particle of radius s and internal density ρ • moves in a given timestep is set by the local conditions in the disk, as well as the Stokes number of the particle,
is the particle stopping time at the particular location in the disk. Here, v th = (8k B T /(πµm p )) 1/2 and λ mfp = µm p /(σ mol ρ g ) are the local gas thermal speed and mean free path respectively (Okuzumi et al. 2012 ). This gives a diffusivity of the particles D p = D/(1 + St 2 ) (Youdin & Lithwick 2007) , which is used in determining the random displacements associated with their motions in the turbulent environment. The top row of Fig. 1 shows examples of the trajectories that individual s = 1 µm grains would take through the disk over a period of 3 × 10 5 years. Here we have assumed that the particles do not interact with other grains over the course of the simulation, remaining the same size throughout. The particles are assumed to have an internal density of ρ • =1.5 g cm −3 and are released at the disk midplane at a distance r = 5 AU from the star, where they have a Stokes number of St ∼ 10 −6 . At such low Stokes numbers, the particles are largely coupled to the gas, and thus their motions are dominated by stochastic turbulent diffusion, with settling and drift having minimal effects. As illustrated by the various trajectories shown in Fig. 1 , every particle follows its own, unique path through the disk, being exposed to its own series of environments. Such pathways are important to understand, as the integrated effects of each environment will determine the final chemical properties of the solid (Ciesla & Sandford 2012) . 
Dust coagulation
Rather than remaining small and individual objects, dust grains are expected to frequently collide with other dust particles, becoming part of increasingly larger aggregates (and aggregates of aggregates) as long as collisions are gentle enough to result in sticking (e.g., Brauer et al. 2008; Kothe et al. 2013) . In more energetic impacts, and depending on the mass ratio and structure of the colliders, a variety of outcomes including bouncing, erosion, and catastrophic frag-mentation become more likely (e.g., Blum & Wurm 2008; Güttler et al. 2010) . In such events, grains that are initially part of a large aggregate can either remain there (in the case of bouncing) or be ejected as a smaller piece (in the case of fragmentation). With the size of the aggregate containing any particular grain changing frequently and sometimes dramatically, the dynamical behavior of grains also changes in time, reflecting the aerodynamical properties of their host aggregate.
While the interplay between coagulation and radial transport through a disk has been considered in verticallyintegrated models (Birnstiel et al. 2009; Pinilla et al. 2012; Okuzumi et al. 2012) , the grid-based approach of such studies is not well suited for studying detailed trajectories of individual grains. Alternatively, representative particle models for coagulation have also been developed 1 that allow tracking of dust particles and their properties (e.g., porosity, ice content) Zsom & Dullemond 2008; Krijt et al. 2016a) ; however, these have been applied only to localized regions of the disk.
Here we develop a framework for following individual grains as they travel radially and vertically in the disk while being incorporated into different-size aggregates via collisions. We consider a variety of growth scenarios, starting from a simplified model where dust exists as some nonevolving background population that is well-mixed throughout the gas and is swept up as the dust grain moves through the disk. This serves to help to identify key evolutionary processes which control the dynamical evolution of the dust. In order to capture the detailed behavior of dust coagulation in a disk, while keeping the problem more computationally tractable, we then extend this approach to consider the collisional evolution of dust grains with both small background dust and 'like-sized' particles that co-evolve with the grain of interest. These models are described in greater detail in the sections that follow and illustrated in Fig. 2. 3. TRANSPORT WITH SWEEP-UP
Growth Model
The first scenario we consider is similar to the simple oneparticle sweep-up model that has been described by Safronov (1972) and Dullemond & Dominik (2005) in the context of vertical settling. In this scenario, we simulate a single dust grain as it moves and accumulates mass by sweeping up small dust particles. The background dust population always and everywhere consists of s • = 0.1 µm-size particles that are well-coupled to the gas (top row of Fig. 2) . Thus, at every location the dust density is given by 2 ρ d /ρ g = Σ d /Σ g , where Σ d /Σ g ≡ f d = 0.01 equals the vertically integrated dust-togas ratio. The instantaneous growth rate of a particle with size s s • that is sweeping up background dust particles can then be written as
1 See Drażkowska et al. (2014) for a comparison of both methods. 2 We ignore the collisional trapping effect, which can skew the small grain abundance towards the midplane at disk radii where f d is high (e.g., Krijt & Ciesla 2016, Fig. 6). where v sw is the relative velocity between two particles of sizes s and s • , which we calculate following Okuzumi et al. (2012, Eq. 16 ) accounting for Brownian motion, differential settling, differential drift, and stochastic turbulence (Ormel & Cuzzi 2007 ). Both v sw and ρ d are taken as the average values of the location of the particle at the beginning of the timestep (i.e., r(t) and z(t)) and where it ends after the timestep (i.e., r(t + ∆t) and z(t + ∆t)). We assume all particles are spherical and remain at a constant material density ρ • = 1.5 g cm −3 , such that m = (4/3)πs 3 ρ • .
In a single simulation, we start with a grain with s(t = 0) = s 0 = 1 µm (i.e., somewhat larger than the background dust population) initially at the midplane at r = 5 AU from the star, the same initial conditions as described in Section 2.2. We then alternate between calculating the displacement of the particle over a timestep that is small compared to the local dynamical timescale (here we take ∆t = (1/50) × 2π/Ω) and mass gain according to Eq. 5. The new location and size (or equivalently mass) of the grain's host particle are then recorded and serve as the starting conditions for the next timestep. A physical limit to growth is added in the form of a bouncing barrier: if v sw exceeds a threshold velocity of v b = 0.5 m/s, the growth rate is set to 0. The value for the bouncing threshold velocity is chosen based on the experiments of Musiolik et al. (2016) , who found a bouncing threshold of 0.43 m/s for ∼100 µm-sized aggregates composed of a 1:1 mixture of H 2 O and CO 2 ice. If the particle subsequently moves to a region where v sw < v b , further growth is again allowed according to Eq. 5 until the barrier is reached again.
The calculation is repeated until the grain reaches the inner edge of the disk, taken here to be 0.2 AU. For each scenario, we perform 10 3 simulations each tracking an individual grain from the same initial conditions in order to properly characterize the broad distribution of evolutionary histories that grains may experience within the protoplanetary disk.
Grain Evolution
The middle row of Figure 1 shows the evolution of three individual grains in our sweep-up simulations, plotting their paths through the disk, with the colors of the trajectories indicating their host aggregate's size. In their early evolution, the grains we follow are either free-floating or found within small aggregates, and thus their motions are dominated by turbulent diffusion. As such, at early stages they exhibit motions similar to those shown in the top row of Fig. 1 , with each grain/aggregate following a unique path.
Over time, however, the followed particle sweeps up more and more mass, leading to an increase in its size (and Stokes number). As a result, vertical settling and radial drift begin to dominate (approximately when St > α, roughly at s ∼ 0.01 cm). This leads to conditions that favor rapid growth Figure 2 . Schematic illustrating the (local) dust coagulation process in the three different scenarios considered in this work. The particle that is being followed is shown in color and its size is given at the top of the Figure. Top row: In the sweep-up growth scenario (SW, Sect. 3), the red particle grows by sweeping up small s•-sized background dust particles. Growth stalls due to bouncing when the sweep-up velocity vsw > vb. Middle row: In the mixed growth with bouncing case (MB, Sect. 4), a fraction of the background dust population is always assumed to have the same size as the particle of interest, sL = s(t). Growth again stalls due to bouncing. Bottom row: The mixed growth with catastrophic fragmentation case (MF, Sect. 5) is similar (during Phase I) to the MB case in the sense that is has a co-evolving background dust population. In the MF scenario, however, bouncing does not occur and growth is instead halted by fragmentation (when vrel > vfrag). After fragmentation has occurred (i.e., during Phase II), the particle we are following is reset to s0 while the large bodies in the background population maintain a size sfrag. Figure 3 . Evolution of host aggregate size distribution with time of 1000 particles starting at r = 5 AU in a disk with α = 10 −4 . Solid lines denote the median size at each time, while shadings represent the range in which 68%, 95%, and 99.7% of the aggregates fall. The sweep-up scenario is in red, and the bouncing-limited mixed growth scenario is in blue.
as the particle settles near the midplane where dust densities are highest, providing more material to sweep up. As they grow larger, the particles drift inwards more rapidly and are more and more confined to the midplane. As a result, the fate for each particle is ultimately the same: they drift to the inner edge of the disk in ∼10 5 years.
The red curve in Fig. 3 summarizes the 1000 different simulations we performed for the conditions described here, showing the distribution of aggregate sizes containing the grains we followed over time. The solid curve indicates the median value for different simulations, while the red shaded regions show the range of the distribution, marking where 68%, 95%, and 99.7% of the aggregates fall 3 . We see that this SW distribution is quite narrow, with 95% of the grains being contained in aggregates that vary in size by no more than a factor of ∼2 at a given time. A pronounced kink develops after ∼10 4 years, once the grains are in aggregates nearly 1 cm in size. This is a result of the bouncing which occurs when relative velocities are above 0.5 m/s: particles grow as long as the relative velocity is below this threshold, stopping once it reaches this critical value, and then continuing, temporarily, if the particle migrates into a region where the relative velocities drop below this threshold. Growth thus slows dramatically for all particles once they reach this size. While each aggregate takes its own path through the disk, the final sizes of aggregates, as they arrive at the inner edge of the disk, cluster tightly around ∼2 cm. Importantly, such sizes are comparable to the dust particles observed in protoplanetary disks, as is the prediction that the maximum size of grains decreases with increasing distance from the star (e.g. Tazzari et al. 2016) .
While the final parent aggregate size and total time spent in the disk do not vary substantially among the 1000 grains considered here, we do see significant variations in the individual trajectories taken through the disk, particularly early in their evolution. The top panel of Fig. 4 shows the distribution of radii at which the particles were found over time (the distribution without growth is shown in the background for reference), with the median behavior of the particles plotted as a line, along with shaded ranges showing the extent of how 68% 95%, and 99.7% of the particles were spread at a given moment. Again, during early periods, the grains are individual solids or part of small aggregates, with the dominant dynamic process operating on them being turbulent diffusion. As such, the distribution of locations remain centered on the starting location of 5 AU, spreading outwards over time similarly to the no growth case. This evolution lasts for a period of 10 4 years, after which the median distance from the star decreases steadily with time. This change in behavior coincides roughly with when the particles reach sizes s ∼ 0.01 cm, corresponding to St ∼ 6 × 10 −4 , or a few times α, when they begin to decouple from the gas. From this point onward, vertical settling and later radial drift begin to dominate, with particles beginning their inevitable march to the inner edge of the disk.
TRANSPORT WITH MIXED GROWTH: BOUNCING
Growth Model
While the simple picture above shows how the dynamical evolution of a dust grain is controlled by the size of the aggregate it is contained in, dust growth is expected to be more complex than the simple sweep-up model considered above. In reality, the background dust population will also experience grain growth and settling, leading to changes in the size and spatial distributions of potential collision partners.
Here, we develop a simplified model for a co-evolving distribution of collision partners to provide a more selfconsistent model for how particle growth would occur. In developing our approach we follow Birnstiel et al. (2012) in separating the solids available for the particle of interest to interact with into two populations (middle row of Fig. 2) : a Small population which is well-coupled to the gas (with grain sizes s S = s • = 0.1 µm) and a Large population for which the size is always equal to that of the particle we are following (i.e., s L = s(t)). At every disk radius r, a fraction f s of the local dust surface density is assumed to be present in the form of small grains. This leaves a fraction (1 − f s ) of the solids to evolve and grow at the exact same rate as the particle we are following. Here we set f s = 0.1, which falls between the values of 0.03 and 0.25 which are appropriate for drift-limited and fragmentation-limited local growth ). An aggregate of radius s will then be able to collide with grains that are much smaller than it as well as grains that are comparable in size. Collisions with smaller particles will largely be continuous, allowing us to describe the growth from such collisions as done in the simple sweepup model from the previous section (e.g., Eq. 5, with ρ d replaced with ρ S = f s f d ρ g ). Growth via collisions with like-sized aggregates will occur through random, distinct events, resulting in the doubling of the aggregate's mass. To accurately capture this behavior and the dynamics of the particles between these growth events, we expand our growth model to include a Monte Carlo approach similar to that used by Krijt & Ciesla (2016) .
In this mixed growth approach, we first evaluate the typical collision time for impacts with similar-size bodies
in which v rel is the relative velocity between similar 4 particles, again following Okuzumi et al. (2012, Eq. 16 ) as above and
is the local density of large aggregates. Vertical settling is included when calculating the scale height of the large particle population via H L = H α/(α + St) (e.g., Youdin & Lithwick 2007) . We do not follow the radial motions of the background dust, maintaining a constant f d = 0.01, a valid assumption if the disk is large and inward drifting solids are replaced by those further out over the short timescales considered here. Each timestep, we check if the particle experiences a large collision by first drawing a random number R ∈ [0, 1] to determine the time ∆t col until the next large collision event ∆t col = −t col log R.
If ∆t col > ∆t, we can ignore similar-size impacts during this timestep and update the particle mass as
Alternatively, if ∆t col ≤ ∆t, we end the current timestep immediately after the mass-doubling impact (i.e., after ∆t col ) and set:
This use of Eq. 7 in combination with a random number to find the time until the next collision event, follows the Monte Carlo methodology described by , who, in turn, based their approach on that derived by Gillespie (1975) . This method introduces a natural stochasticity to the local collisional growth process while capturing the expected growth rate over many timesteps. The dynamics are handled exactly as in Sect. 3, and we re-evaluate Eqs. 6 and 7, including drawing a new random number R, at the beginning of every timestep to take into account the particle's new location and to robustly sample the probability density function. Finally, as in the previous Section, we modify the growth equations to include the effect of bouncing, setting (∂m/∂t) sw = 0 and/or subtracting m(t) from the r.h.s. of Eq. 9 when v sw > v b and/or v rel > v b , respectively. We note here that, because relative velocities are functions of both particle sizes, the bouncing barriers for sweep-up growth and mass-doubling growth may be reached at (slightly) different points.
With collisions (be it with small or like-sized bodies) resulting in either sticking or bouncing, the size of the dust grain we are following through the disk is a monotonically increasing function of time: (∂s/∂t) ≥ 0. Collisional fragmentation (for which this is no longer the case) will replace the bouncing barrier in the cases considered in Sect. 5.
Grain Evolution
Again, we simulated the evolution of 1000 different particles as they were subjected to the transport and growth as described above. The bottom row of Fig. 1 shows examples of trajectories followed by the dust grains in our model, while Figs. 3 and 4 show the distributions in size and radial location of the mixed growth particles with comparison to the no-growth and sweep-up scenarios.
Differences in growth timescales are readily seen among the growth scenarios in Fig. 3 . At small particle sizes, growth in our mixed case takes longer than in the pure sweep-up case. This is because collision velocities, and therefore collision rates, are low between well-coupled similar-sized particles (e.g., Okuzumi et al. 2012 ). Thus, growth in a given timestep early on typically occurs through sweep-up of the small population, which is present only at 10% of the abundance as in the pure sweep-up model ( f s =0.1 here). Once aggregates grow to larger sizes ( 0.01 cm), two effects combine to increase the rate of growth of these aggregates. First, v rel increases significantly as particles decouple from the smallest turbulent eddies (Ormel & Cuzzi 2007 ), leading to more frequent mass-doubling collisions. Second, the local density ρ L in the midplane increases as large solids settle and become more concentrated.
The stochastic nature of the similar-size collisions increases the spread in carrier aggregate sizes at any given time, especially during the period of rapid growth outlined above. This is shown in the span of particle sizes present at a given time in Figure 3 , with the greatest range around t ∼ 10 4 yr, when the grains we follow are in aggregates ranging from 0.1 mm to nearly 1 cm. Once particles reach the upper portion of this range, they attain relative velocities that are near the bouncing barrier. As before, growth then generally proceeds much more slowly, only as the particle drifts into regions where the relative velocity the particle attains allows for solids to stick instead of bounce.
Ultimately, the fate of the grains in this MB scenario is the same as that for sweep up: the grains are contained within aggregates that drift inside of 0.2 AU on a timescale of ∼10 5 years. This is illustrated by comparing the radial distribution of solids over time for the two growth scenarios shown in Figure 4 . Overall the two curves show similar behavior, with the mixed growth grains undergoing a sharper transition from diffusion-dominated evolution (following the no-growth background) to drift-dominated, a result of faster growth at these sizes due to like-sized collisions.
TRANSPORT WITH MIXED GROWTH: FRAGMENTATION
Growth model
In many studies of coagulation, fragmentation is considered to be the limiting factor of growth rather than bouncing (e.g., Brauer et al. 2008; Birnstiel et al. 2010) . In this picture, as solids grow and encounter one another at greater velocities, the energies cause the collision partners to break apart rather than merge or survive. As a result, when aggregates collide at velocity v rel > v frag , their mass is redistributed as fragments that replenish the small grain population (Dullemond & Dominik 2005) . In local models of dust coagulation, the outcome is usually a growth/fragmentation steady-state distribution of particle sizes, with a small fraction of the total mass contained in small dust, and a large fraction concentrated around a maximum size above which collisions lead to aggregate destruction (e.g., Birnstiel et al. 2011) .
The value of v frag varies with aggregate composition and structure, with typical values ranging from ∼1 m/s for refractory materials to 10 m/s for water ice grains (Dominik & Tielens 1997; Wada et al. 2013; Gundlach & Blum 2015) , although these high fragmentation velocities have recently been called into question as the presence of other ices or very low temperatures may reduce the stickiness of ice-covered grains (Musiolik et al. 2016; Musiolik & Wurm 2019) . We adopt a constant and relatively conservative value of v frag = 5 m/s and discuss the effects that different values would have on our results below in Sect. 6.
In defining the behavior of dust grains in this mixed growth with fragmentation (MF) scenario, we identify two phases of growth (bottom row of Fig. 2) : Phase I is similar to growth in the previous section, replacing the bouncing barrier v b with a fragmentation barrier v frag , and represents an early phase where dust grains and the particles that they interact with are small and have yet to establish the steady-state distribution. During this phase, collisions among particles are such that v rel < v frag , allowing larger aggregates to form. As such, we can make use of Eq. 8 and Eq. 9 to describe grain growth. This phase lasts until the aggregate containing the grain we are following experiences a collision with another aggregate at a velocity v rel > v frag , in which case fragmentation occurs. We assume that in this event the aggregate is completely disrupted, and the grain we are following returns to being a freefloating particle with size s 0 = 1 µm.
Once a particle is released in a fragmentation collision, we transition to Phase II, where the particle we are following can still collide with a distribution of background solids. However, the sizes of solids are assumed to be set by coagulation-fragmentation equilibrium and maintain a new, bimodal steady-state distribution of particle sizes. There is still a population of sub-micron sized particles that the grain can sweep-up, as in Phase I and as considered in our other growth scenarios. However, the largest grains are no longer the same size as the particle we are following (s(t)): instead their size corresponds to the local fragmentation-limited size 5 s frag (see Fig. 2 ). The procedure is then similar to that described for the MB case in the Section above: if no large collision occurs, the particle only sweeps up small grains, and Eq. 8 is used. If a collision with a larger particle takes place, we calculate the new particle mass as:
where m frag and m 0 are masses corresponding to s frag and s 0 , respectively. The first case in Eq. 10 corresponds to the case where the particle we are following collides and sticks to an aggregate of mass m frag (the local fragmentation limit). The second case in Eq. 10 corresponds to a fragmentation event, after which the particle returns to having a size s 0 . Since very small grains cannot reasonably cause the catastrophic fragmentation of large aggregates, we add an additional constraint to Eq. 10, only allowing fragmentation to occur when the mass ratio of the colliders >10 −2 , assuming small particles to be accreted/swept-up otherwise 6 . We note that having the particle return to its original size after each fragmentation event is an extreme scenario; in reality, fragments of a range of sizes are likely to develop, from the monomer we consider up to a bit smaller than s frag (e.g., Birnstiel et al. 2011 ). If grains were instead contained in these larger fragments, they would continue to drift inwards and grow more rapidly than we consider here. Therefore, the lifetimes of grains in the disk considered here likely represent upper limits, with most actual grains drifting inwards more rapidly and being lost on shorter timescales.
Thus, the overall evolutionary scenario we follow here is that a grain begins with size s 0 at t = 0 and initially grows by sweeping up small grains and sticking to like-sized aggregates (Phase I) until it experiences a destructive collision and is released as a small fragment. From that point onward, the grain grows via sweep-up or by sticking to a 4 3 2 1 0 1 2 log 10 (s/cm) Figure 5 . Same as Fig. 1 , but for the scenario with catastrophic fragmentation included (Sect. 5). Figure 6 . Similar to Fig. 4 , but for growth with fragmentation (Sect. 5).
large aggregate of size s frag (Phase II). During Phase II, many growth/fragmentation cycles can take place before the grain of interest reaches the inner disk.
Grain Evolution
Examples of individual grain trajectories in the fragmentation case are shown in Fig. 5 . As before, we set the fraction of small grains such that f s = 0.1. Grains migrate above the disk midplane early, as expected for small grains lofted by turbulence, but these excursions to high altitudes are limited, as growth occurs and particles are incorporated into larger aggregates that settle to the disk midplane and then drift inwards. This is similar to the previous growth cases we considered here, though the settling to the midplane is more extreme as grains can grow to larger sizes here (as v frag > v b ). That is, in a typical fragmentation case considered here, particles reach sizes of ∼50 cm near 5 AU, which corresponds to a Stokes number St ≈ 0.3 and a large particle scale height H L /H ≈ 0.02. For comparison, in the bouncing scenario (Sect. 4), particles reach sizes of only s = 1 cm near 5 AU, corresponding to St ≈ 6 × 10 −3 and H L /H ≈ 0.13.
A key difference in the overall trajectories seen here, however, is that the grains experience multiple distinct excursions to higher altitudes before eventually reaching the inner disk. This is a result of the grains being liberated by fragmenting collisions involving the large aggregates that they are contained within. These collisions release the grains as small aggregates once again, allowing them to diffuse away from the midplane. Eventually the grains are re-incorporated into larger aggregates, and the process repeats. A similar cycling of grains in and out of larger aggregates was discussed in Krijt & Ciesla (2016) , who also found that collisional growth increases the amount of time a particle spends near the disk midplane and reduces its total residence time at higher altitudes. Fig. 6 plots the evolution of the radial location of a swarm of 1000 grains released at the midplane at 5 AU with the same fixed fragmentation velocity v frag = 5 m/s. A similar evolution is seen as in the previous growth cases, with the early redistribution of solids occurring as in the no growth cases, as some particles move closer to the star and others diffuse further away. Eventually, though, growth leads to radial drift dominating, with particles migrating towards the star, where they are ultimately lost. This transition occurs a bit more dramatically here than in our previous runs, as the collection of particles shifts inwards rapidly after ∼10 4 years, with grains moving almost horizontally on the plot at this time. This is again because the drifting aggregates reach larger sizes here than in our previous cases, allowing grains to grow to higher Stokes numbers than in our bouncing regime (0.3 vs 6×10 −3 ) and resulting in drift rates of ∼3 × 10 −3 AU/yr vs 7 × 10 −5 AU/yr, respectively. As such, the grains drift inwards much faster, with the average particle reaching the edge of the disk on shorter timescales (<10 5 years) relative to the previous scenarios. Fig. 7 shows the distribution of the total number of fragmentation (liberation) events that grains experienced at the time when they first crossed specific radial locations. Nearly 90% of these grains reach r = 4 AU before being liberated in a fragmentation event and entering Phase II of growth, while a small fraction (∼10%) had been involved in multiple fragmentation events before reaching 4 AU for the first time. As grains continue to migrate inwards, the typical number of fragmenting collisions that they were involved in increases by orders of magnitude. This is both because of the higher densities in this region and the higher relative velocities. This effect is seen in Fig. 4 , as the number of excursions away from the midplane (when the grains are liberated as small particles after a collision) increases at smaller heliocentric distance. This is also consistent with simulations that focus on grain distributions (rather than individual trajectories), which find that fragmentation dominates in the inner few AU, while particle growth is drift-limited at larger radii (e.g., Birnstiel et al. 2012 ).
DEPENDENCE ON MODEL PARAMETERS
In all cases considered here, the coupled growth and dynamical evolution of the grains we followed in the protoplanetary disk were the same: they grew to sizes that led to settling and inward drift, resulting in the grains released at 5 AU being lost at the inner edge of the disk on time scales that are short compared to the lifetime of the protoplanetary disk. This common outcome was a result of growth occurring such that grains were efficiently incorporated into, and then spent much of their lifetimes within, aggregates whose dynamics were dominated by gas drag-induced drift.
The specific outcomes shown here, and by extension the histories of the grains within the disk, are particularly sen-sitive to the physics of how grains behave in collisions and what limits their growth. In particular, the results depend sensitively on the choice of the limiting velocity at which grains bounce or fragment (v b and v frag ). We have employed constant, universal values of v b = 0.5 m/s (Sects. 3 and 4) and v frag = 5 m/s (Sect. 5). Theoretical and experimental studies indicate these threshold velocities depend on particle composition, and therefore, disk location. In particular, the presence of water ice mantles is believed to increase the stickiness of grains (Sect. 5.1), resulting in sharp drops in the sticking efficiency (and maximum sizes) of grains inside the water snowline (e.g., Banzatti et al. 2015) where water ice is not stable. In the context of our simulations, the absence of water ice in the region where T 150K would result in overall smaller particles and a reduced drift rate inside r 1 AU. Specifically, the radial drift velocity scales as v drift ∝ St ∝ v 2 f (or ∝v 2 b for bouncing) when turbulence dominates the relative velocities ), suggesting that the timescale on which radial drift operates can be increased by 1-2 orders of magnitude inside the snowline, resulting in a local pile-up of small grains (Banzatti et al. 2015) . Conversely, the dust-togas ratio and particle size can become elevated just outside the water snowline by the condensation of water vapor coming from the inner disk (Ros & Johansen 2013; Drążkowska & Alibert 2017; Schoonenberg & Ormel 2017) . While these effects were not included in our calculations, we would still expect limited outward mixing in the region exterior to the snowline as discussed above. Further, the level to which water ice-coated grains could survive collisions has recently been questioned as Musiolik et al. (2016) and Musiolik & Wurm (2019) suggest that the presence of other ice species and the low temperatures expected in disks could reduce their stickiness. As a result, v frag may be lower in the outer regions of protoplanetary disks, resulting in smaller maximum sizes of icy aggregates. This would likely lead to longer survival times of the dust grains in the disk (e.g., Birnstiel et al. 2010) , though our lower values of v b show that ultimately the fates would be similar. The level of turbulence (set by α in our disk model) in the disk also plays an important role. This parameter defines the level of stirring that dust grains will experience from the gas, and thus it is a key factor in setting the relative velocities with which grains move with respect to one another (once grains grow beyond a few tens of microns). Lower levels of turbulence will yield more gentle collisions, and thus larger aggregates and fewer fragmentation events. On the other hand, the lower collision speeds can increase the duration of the initial growth phase (e.g., Sato et al. 2016) . Once large aggregates eventually form, the degree of vertical settling and the velocity with which they drift will be higher in disks with a reduced turbulence strength. The density structure of the gaseous disk will also impact the evolution of the dust grains. As particle dynamics are controlled by their interactions with the gas, more massive disks than considered here would result in grains having to grow to larger physical sizes to begin settling and drifting (i.e., to reach the same Stokes number). However, the higher mass would also increase the spatial density of dust, and thus the rate of growth of particles. These effects essentially offset one another, leading to similar outcomes as seen here. Lower dust-to-gas ratios, meanwhile, would result in slower growth, increasing the lifetimes of particles within the disk (e.g., Birnstiel et al. 2012, Eq. 13) .
The process of radial drift is in turn sensitive to the pressure gradient in the disk midplane, with large grains drifting slower in regions where the pressure gradient is smaller (Weidenschilling 1977) . In the inner disk, the existence of a viscously heated region can alter the pressure gradient (e.g., Ida et al. 2016, Eq. 29) , but the effect will be relatively small and limited to the region r 1 AU unless the disk accretion rate exceeds 10 −8 M /yr. Further out in the disk, the presence of pressure maxima in the outer disk can halt drift altogether and keep particles from migrating inward (Pinilla et al. 2012) . We return to this point in Sect. 7.
Lastly, if dust aggregates are more porous or fractal than considered here, then their growth to large Stokes numbers will be slower than what has been discussed thus far. Such aggregates would remain coupled to the gas more effectively, following the dynamical evolution seen when treating solids as individual, small grains Okuzumi et al. 2012; Krijt et al. 2016b) . However aggregates must grow to the point such that planetesimals are able to form, something that generally requires particles with St 10 −3 to be efficient (Cuzzi et al. 2001 (Cuzzi et al. , 2008 Youdin & Goodman 2005; Carrera et al. 2015) . The extent to which grains form and are able to remain as fractal aggregates is an area of ongoing research. Table 1 provides a suite of statistical measures of the behavior of the dust grain histories for the various growth conditions described here. These include R max 2% , the largest distance from the star within which all but 2.2% of particles were located at any time in the simulation (i.e., reaching beyond this distance was a rare outcome). Grains in the nogrowth case reach distances beyond 7 AU in the ∼10 5 years studied here, but in all growth cases, outward movement is severely limited, with the most extreme grains typically migrating out to only 5.3 − 5.5 AU before drifting inwards again and eventually being lost to the star. What did vary across the growth regimes, however, was the time at which the most outward diffusing particles reached their largest distances from the star, (t R max 2% ). In the sweep-up case, the extreme diffusers began their march inwards after ∼8000 years, while both mixed growth cases took over 2× longer, allowing grains to diffuse out a bit further as evidenced by the larger values of R max 2% . This is due to the fact that growth at small sizes was faster in the sweep-up case (as illustrated in Figure 3 ), leading to the grains getting incorporated into larger particles that begin to settle and drift inwards earlier than in the mixed growth cases. However, continued growth from sweep-up is relatively slow compared to the mixed growth cases, as collisions with like-sized particles lead to much more rapid growth above ∼0.01 cm. Thus particles in the two mixed growth cases grow much more rapidly beyond this size, and drift inwards toward the star at much more rapid rates.
IMPLICATIONS FOR CHEMICAL MIXING IN THE DISK
Grains are most rapidly lost by drifting to the inner edge of the disk in the fragmentation case, with the timescale for 50% of the grains being lost (t 50% ) being just over 69 kyr, with bouncing-limited mixed growth and sweep-up timescales being about 2× and 2.25× longer. We also quantified the dispersion of the particle behavior, finding when the first 2.2% of grains are lost (t 2% ), with results being similarly ordered, meaning that the distributions of behaviors of grains did not differ significantly across the growth cases. Also provided in Table 1 are the range and mass-weighted average of the aggregates' size when they reach the inner edge of the disk (s final and s final m respectively). As discussed above, these final sizes are constrained by the different growth barriers, and the stochastic nature of the final collisions leads to the spread in possible final sizes in the bouncing-and fragmentationlimited mixed growth cases, though in the latter case most of the mass reaching the inner disk is in the larger particles. Thus, despite the different growth scenarios and uncertainties in model parameters, a robust finding in all our simulations is that dust growth and dynamics are intimately coupled and combine to control how materials are redistributed in a protoplanetary disk. In all growth cases, these two processes lead to rapid inward movement of solids on timescales that are short compared to disk lifetimes. Such a finding is important when looking at the properties of primitive materials in our own Solar System, such as the outward transport of chondritic-like fine-grained (micronsized) materials to the comet formation region (Brownlee & et al. 2006; McKeegan & et al 2006) or the preservation of millimeter to centimeter-sized CAIs within the disk for millions of years (Krot et al. 2009; Connelly et al. 2012) . While turbulent diffusion (e.g. Bockelée-Morvan et al. 2002; Cuzzi et al. 2003; Ciesla 2010b; Jacquet et al. 2011; Desch et al. 2018) or stirring in gravitationally unstable disks (e.g. Boss 2008) could deliver solids that began in the inner solar nebula to the region where comets would form, in the absence of other effects, particle growth would have significantly offset this transport, limiting the efficacy by which such materials were delivered.
This discussion would also hold if delivery of hightemperature grains from the inner disk to the outer disk occurred through disk winds, where MHD effects lead to gas being carried away from the disk along magnetic field lines (e.g. Königl et al. 2010; Bai et al. 2016) . It has been suggested that solids could be entrained in these winds, falling back onto the disk at larger heliocentric distances than where they began (Safier 1993; Giacalone et al. 2019) . We investigated this scenario by running similar models as those outlined above, but for grains starting at 30 AU instead of 5 AU. The key statistics for these runs are also given in Table 1, with the time evolution of the radial locations of the grains within our bouncing and fragmentation limited growth cases shown in Figure 8 . A similar behavior is readily seen as before, with grains diffusing around within small aggregates early, before transitioning to a drift-dominated regime leading to their migration and loss to the inner edge of the disk in <10 6 yrs. Thus solids delivered to larger heliocentric distances via winds would still migrate back to the inner disk again on relatively short timescales.
This rapid inward movement of materials means that exchange and communication across large radial distances could be quite effective in protoplanetary disks. However, Kruijer et al. (2017) suggested that distinct Carbonaceous Chondrite (CC) and Non-Carbonaceous (NC) reservoirs existed in the solar nebula, resulting in planetesimals forming with characteristic isotopic abundances over an extended period of time, and thus that communication or transport between these reservoirs was limited. They interpreted this dichotomy as arising from the growth of Jupiter within the solar nebula after 1 Myr and it preventing materials from being exchanged across its orbit, thus preserving the distinct reservoirs. Our results, however, suggest that materials can be exchanged over a radial span of 5-20 AU on timescales of only ∼10 5 years. If different isotopic reservoirs exist at different radial locations, then a barrier, such as a pressure bump or gap in the disk, must develop on this timescale to prevent communication between them.
One way to offset the rapid loss of grains via radial drift as we have found here would be to limit growth. As discussed above, if the threshold for reaching the bouncing or fragmentation barrier were lower (lower v b or v frag ), then solids would remain within small aggregates, reducing the effect of drift. This would also be achieved in more turbulent disks, as the velocity barriers would be reached by smaller particles, again limiting the role that drift could play. However, more turbulence and longer lifetimes as smaller particles would enable more efficient mixing of solids via diffusion, which could be problematic in preserving distinct isotopic reservoirs as discussed above.
The process that stalls dust growth, whether bouncing or fragmentation, will also impact how well we detect signatures of mixing. As shown in comparing Figures 3 and 4 , growth to the bouncing barrier occurs in a timescale of ∼10 4 years, over which time the grains have not diffused far from their original location. As such, the drifting aggregates will largely be composed of dust grains that originated in close proximity to one another. In the case of fragmentation, however, as shown in Figure 7 , grains see multiple collisions which allow them to be released as smaller components and then incorporated into new aggregates again. This cycling in and out of larger aggregates throughout the period of radial drift will lead to grains becoming mixed with materials that originated over a large range of locations in the disk. This would be particularly true in the inner disk where fragmenting collisions are more common; in the drift dominated regime of the outer disk, those aggregates may be made of a more homogeneous collection of materials.
This discussion thus far, however, has ignored other dynamical effects that may be present in disks. Radial expansion of the disk due to viscous evolution can enhance the outward transport of materials in the disk (Cuzzi et al. 2003; Jacquet et al. 2011 ). Furthermore, viscous disks can develop flow structures where the movement of the gas is a function of height; in some cases, the midplane may see outward flows develop, pushing solids in this region outward or at least offsetting the inward migration rates that develop from gas drag (e.g. Takeuchi & Lin 2002; Ciesla 2007b; Desch et al. 2018) . These effects would have to be very strong and provide outward gaseous flows whose velocities are comparable to the inward drift rate of the solids that form here to be effective at preventing the inward migration of drifting solids. Takeuchi & Lin (2002) found that outward flows along the midplane of ∼10 −4 AU/yr, nearly enough to completely offset even our largest drifting particles considered here, would develop in a purely viscous disk for the disk structure assumed here. Whether such conditions develop or are long-lived enough to offset the inward drift of solids needs to be investigated.
Finally, the modeling presented here assumed a smooth disk structure, with the pressure gradient decreasing monotonically with distance. It is this pressure gradient that drives radial drift and the inward migration of solids over time. Recent observations have shown that rings and spiral structures are present in protoplanetary disks, even at very early stages of evolution (Andrews et al. 2018 ). Such structures have been hypothesized to be pressure bumps or gaps in the disk, where gas pressures reach local maxima or minima, allowing dust to concentrate in these regions and preventing their further inward migration (Pinilla et al. 2012; Dullemond et al. 2018) . While such structures may be due to presence of planets within the disk (Zhang et al. 2018) , alternative means of creating these bumps have also been proposed that rely on hydrodynamic effects (e.g., Flock et al. 2015) . These structures would serve as important barriers to the inward drift of materials, possibly working to prevent the loss of materials as seen here, but again would have to develop early in order to prevent the rapid loss of solids from the disk, or at least large-scale inward mixing of outer nebular materials.
SUMMARY
Here we have investigated the coupled transport and growth of solids in a protoplanetary disk. We have studied various scenarios for dust growth, including bouncing and fragmentation barriers, and found that growth via coagulation has an important effect on how solids migrate and are redistributed within a given disk. Our major findings are as follows:
• Dust growth and transport are intimately coupled.
While individual dust grains are readily redistributed by turbulence within a disk, collisions with other grains will also occur. As these early collisions will lead to growth, the dynamics of the grains are set by the aggregates within which they are contained, leading them to settle to the disk midplane and drift towards the star (e.g., Figs. 1 and 5) . This limits the extent to which materials are able to diffuse outwards from their original location, with particles making it at most to distances ∼10% beyond their original location when growth occurs, as opposed to 60-70% when growth is ignored (Figs. 4, 6, and Table 1 ). This is a robust result, regardless of whether growth is limited by fragmentation or bouncing.
• Dust growth that is controlled by a bouncing barrier will largely lead to aggregates that form from a collection of dust that originated at similar locations. When growth is hindered by a fragmentation barrier, this will lead to many cycles of grains being incorporated into larger aggregates and then liberated again as free particles (Fig. 7) , and aggregates will therefore represent a greater mix of dust from different locations.
• This inward drift would lead to rapid delivery of outer disk materials to the inner disk, allowing for rapid and efficient exchange of solids over large distances, with solids ultimately being lost to the inner edge of the disk. Particles in our fiducial models were typically lost from 5 AU in less than 10 5 years, while particles from 30 AU were lost in less than 10 6 years (cf. Figs. 4, 6, and 8). In our Solar System, this presents a challenge for preserving CAIs and distinct isotopic reservoirs separated in space for longer than 10 6 years as suggested by meteorite studies. That such features are observed in our Solar System may indicate that outward flows, pressure bumps, or gaps were present in the solar nebula, preventing the ultimate fates found here.
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